A systematic method to automatically estimate the vibrational frequency sets of linear peptide and protein ions with any amino acid sequence, which is needed in RiceRamsperger-Kassel-Marcus (RRKM) calculations for dissociation of these ions, has been developed. The method starts from the frequencies of free amino acids calculated quantum chemically at the DFT/B3LYP/6-31G** level. Some of these were systematically eliminated to get fictitious sets of frequencies for each amino acid at the C-terminus, N-terminus, and inside the chain. By collecting these sets as needed for a specified amino acid sequence and adding vibrations appearing upon peptide bond formation and protonation, a complete set of vibrational frequencies was obtained. Other conditions for RRKM calculations have also been systematically specified. RRKM calculations performed under various conditions have shown that the present method can be useful for an order of magnitude estimation of a statistical rate constant even at low internal energy region. The fact that arbitrariness involved in constructing an entire frequency set simply through spectral correlation can be avoided, and that any protein ion can be handled systematically and rapidly once its sequence and the number of protons attached are specified, are the main advantages of the present method. n the Rice-Ramsperger-Kassel-Marcus (RRKM) theory, rapid intramolecular vibrational redistribution of internal energy is assumed to occur before molecular dissociation [1] . With the quasi-equilibrium hypothesis, theory of mass spectra becomes equivalent to the RRKM theory [1] [2] [3] [4] [5] . Hence, this theory has been widely used in mass spectrometry and ion chemistry to understand various processes involved in ion dissociation and spectrum formation [6 -8]. For example, measuring the rate-energy relation for an ion dissociation reaction and comparing it with the result from RRKM calculation is useful for detailed understanding of the process.
A systematic method to automatically estimate the vibrational frequency sets of linear peptide and protein ions with any amino acid sequence, which is needed in RiceRamsperger-Kassel-Marcus (RRKM) calculations for dissociation of these ions, has been developed. The method starts from the frequencies of free amino acids calculated quantum chemically at the DFT/B3LYP/6-31G** level. Some of these were systematically eliminated to get fictitious sets of frequencies for each amino acid at the C-terminus, N-terminus, and inside the chain. By collecting these sets as needed for a specified amino acid sequence and adding vibrations appearing upon peptide bond formation and protonation, a complete set of vibrational frequencies was obtained. Other conditions for RRKM calculations have also been systematically specified. RRKM calculations performed under various conditions have shown that the present method can be useful for an order of magnitude estimation of a statistical rate constant even at low internal energy region. The fact that arbitrariness involved in constructing an entire frequency set simply through spectral correlation can be avoided, and that any protein ion can be handled systematically and rapidly once its sequence and the number of protons attached are specified, are the main advantages of the present method. n the Rice-Ramsperger-Kassel-Marcus (RRKM) theory, rapid intramolecular vibrational redistribution of internal energy is assumed to occur before molecular dissociation [1] . With the quasi-equilibrium hypothesis, theory of mass spectra becomes equivalent to the RRKM theory [1] [2] [3] [4] [5] . Hence, this theory has been widely used in mass spectrometry and ion chemistry to understand various processes involved in ion dissociation and spectrum formation [6 -8] . For example, measuring the rate-energy relation for an ion dissociation reaction and comparing it with the result from RRKM calculation is useful for detailed understanding of the process.
Recently, tremendous efforts are being made in the field of mass spectrometry to develop methods for structure determination of biological molecules such as proteins, nucleic acids, and carbohydrates [9 -13] . To test whether the paradigms and methods established through mass spectrometric investigations on small molecules will be applicable to large biological molecules is also one of such efforts. It is often useful in such efforts to have dissociation rate constants calculated at the statistical limit or the RRKM rate constants. Calculations of the RRKM rate constants for dissociation of large biological molecules have already been reported by many investigators [14 -20] . The methods used are not routinely applicable, however, most of the difficulties arising from very large degrees of freedom must be dealt with. To avoid such difficulties, the Kassel formula (RRK), which is a drastically simplified version of the RRKM formula, has often been used to estimate the rate constants [21] . However, it has been shown by Derrick and coworkers that the rate constants evaluated by RRK can be erroneous by many orders of magnitude, especially near the reaction threshold [15] .
According to the RRKM theory, the microcanonical rate constant is expressed as follows:
Here (E) is the density of vibrational states at the internal energy E, E 0 is the critical energy of the reaction, N ‡ (E-E 0 ) is the sum of the vibrational states from 0 to E-E 0 at the transition-state (TS), h is Planck's constant, and is the reaction path degeneracy which can be set to 1 for molecules as complex as proteins. Hence, in addition to E 0 , vibrational frequencies at the reactant equilibrium geometry and at the transition state are needed to calculate the RRKM rate constant. Estimating the vibrational frequencies at TS is one of the difficulties in calculating this rate constant. For a rigorous calculation, one may use frequencies determined by high level quantum chemical calculations. Otherwise, frequencies at the reactant geometry are used after some modifications. It is well accepted in small molecule cases that RRKM rate constants are not sensitive to the details of vibrational frequencies, both at the reactant geometry and at the TS, but to their changes along the reaction coordinate represented by the entropy of activation, ⌬S ‡ . Hence, it is loosely stated that RRKM fitting of experimental rate-energy data is virtually a two parameter (E 0 and ⌬S ‡ ) problem [6, [22] [23] [24] . If the same guideline does not hold in dissociation of a very large molecule, obtaining the vibrational frequencies at the TS would become the major bottleneck in the calculation of the RRKM rate constant. When the guideline holds, the remaining difficulty is in obtaining the vibrational frequencies for the reactant. As the reactant gets larger, obtaining these frequencies through quantum chemical calculations becomes very difficult. Hence, utilizing a method that estimates frequencies based on spectral correlation, for some vibrations at least, seems to be inevitable for large biological molecules. For example, Griffin and McAdoo [14] estimated the frequency set for a peptide ion by collecting the frequencies of all individual stretches and bending modes associated with individual structural units. Selecting the bending modes such that the number of frequencies selected becomes the same as the total vibrational degrees of freedom is one of the difficulties in this approach. Another method is to utilize the frequency distribution for model (general) peptide molecules suggested by Derrick and coworkers [15] . The frequency set obtained here is the same regardless of the amino acid sequence as long as the number of atoms is the same.
In the course of our development of the photodissociation tandem time-of-flight mass spectrometry for peptides and small proteins, various situations arose, which required estimations and spectral interpretations utilizing RRKM rate constants [25, 26] . Initially, it was attempted to estimate vibrational frequencies needed for RRKM calculations by spectral correlation as had been practiced by previous investigators. Various difficulties were encountered as have been noted above briefly. As an alternative, a more rigorous method, which can systematically and efficiently handle peptides and proteins with any amino acid sequence, has been devised. This method and the strategy for RRKM calculations are presented in this paper.
Method
The main strategy used to obtain the vibrational frequencies of a linear peptide or a protein, which will be called a protein hereafter, with a specified amino acid sequence was to collect sets of fictitious vibrational frequencies of each amino acid residue constituting the molecule. Whenever a rigorous treatment was difficult, the guideline that a RRKM result is nearly the same as long as ⌬S ‡ is kept the same was utilized. Then, the guideline itself was tested computationally as thoroughly as possible.
Frequencies of Amino Acid Residues
When normal mode analysis is carried out for small peptides, one finds that quite a few normal modes have inter-residue mixed characters. Namely, it is not legitimate to classify normal modes into individual residues. Nevertheless, it was decided in this work to obtain the frequencies of a protein by collecting the fictitious residue frequencies, mainly for two reasons. The first is that there is no other practical alternative in the case of proteins as has been mentioned already. The second is that RRKM calculations simply use a set of frequencies and as long as this set is similar to the correct one, the results would be similar regardless of how the set is prepared. Frequencies of an amino acid residue are expected to be influenced by various factors such as its position in the protein, conformation, and presence of disulfide linkages in the protein.
The latter two will not be considered in this work and a protein will be treated as a linear chain. In this linear chain, a residue may be located either at the C-terminus, at the N-terminus, or inside the chain.
As the starting point for the estimation of fictitious residue frequencies, vibrational frequencies of 20 amino acids were obtained by quantum chemical calculations at the DFT/B3LYP/6-31G** level [27] . Instead of searching for the global minimum for each amino acid, a local minimum near the all-trans conformation was located and the frequencies were calculated at this geometry. Similar calculations were done for the glycine dimer (glycylglycine, G 2 ), trimer (G 3 ), pentamer (G 5 ), alanine trimer (A 3 ), N-protonated glycine (GH ϩ ), and arginine protonated at the ␣-amino group (RH 1 ϩ ) and at the double-bonded nitrogen in the guanidium group (RH 2 ϩ ). Suppose that two molecules of glycine, G A and G B , form the dipeptide G A G B . Then, under the independent residue approximation, it may be reasonable to suppose that some vibrations attributable to the COH motions in G A and some due to the NH motions in G B would disappear, while those attributable to the motions of CN in the peptide bond would appear in G A G B . It is important in this step to make sure that the number of degrees of freedom comes out correctly after the peptide formation. Our choices for the modes to be eliminated were the OH stretching, OH deformation, OH wagging, and COO stretching for the residue at the N-terminus and the NH 2 asymmetric stretching and NH 2 bending for the residue at the C-terminus. All the six modes were eliminated to obtain the fictitious set of frequencies for a residue located inside the chain. These result in three sets of vibrational frequencies for each amino acid, one each for the residue at the N-terminus, C-terminus, and inside the chain. The modes to be added upon peptide formation were the CN stretching and two modes involving CN torsion/bending motions at the peptide bond. Then, for any protein, say ABCDE, the N-terminus set for A, the C-terminus set for E, and the inside-chain sets for B, C, and D were collected and four sets of three vibrational frequencies appearing upon peptide formation were added to obtain the complete set of frequencies for the protein. For a protonated protein, a set of frequencies consisting of one NH stretching, one NH 2 bending, and another mode involving NH 2 motion was added. For a multiply protonated protein, as many of these sets as needed were added.
Reaction Coordinates and Frequencies at the Transition State
Since details of the mechanisms generating various product ions from protonated proteins have not been established yet, it is not easy to pinpoint the reaction coordinates involved. Our algorithm selects the CN stretching by default, even though an option to select any normal mode has also been included.
In the study of small molecule dissociation, various methods have been proposed to select vibrations whose frequencies are to be adjusted to get the preset value of ⌬S ‡ . One of the popular strategies in small molecule cases is to select all the vibrations below a certain frequency, say 1000 cm Ϫ1 , and decrease all of these by the same proportion. In the case of a protein, however, this strategy may not be reasonable because loosening of one particular peptide bond in going from the reactant geometry to TS is not expected to affect the vibrations occurring at some distance from the reaction center. Following Lifshitz and coworkers [19] , six lowfrequency vibrations were selected, one each near 100, 200, 300, 400, 500, and 600 cm Ϫ1 . The selected frequencies were multiplied by the same factor to result in the preset value of ⌬S ‡ .
RRKM Calculation
After the vibrational frequencies of a reactant protein have been collected and those at TS have been generated by adjustment explained above, RRKM calculation can be made once E 0 is specified. Since the WhittenRabinovitch method was shown [15] to be quite erroneous near the reaction threshold in the dissociation of very large molecules, more rigorous Beyer-Swinehart (BS) direct counting algorithm was used [28] . Use of the BS algorithm means that all the vibrations are treated as harmonic. The vibrational anharmonicity, especially that for low-frequency modes, affects the density of states and hence the calculated rate constant. A state counting method to handle the anharmonic vibrations is available [1] . However, its use is beyond the scope of this work because the spectroscopic data needed are extremely difficult to obtain. Calculation of the internal energy distribution of a reactant at a specified temperature is an integral part of the software package developed in this work.
Software Package
Software has been written with the C program language under the Linux environment. Inputs needed for each calculation are fed interactively. These include the amino acid sequence, the number of protons attached, E 0 , ⌬S ‡ , and other trivial parameters such as the internal energy range to be covered. Even though a CN stretching mode has been taken as the reaction coordinate by default, an option is available to choose any mode as one wishes. Twenty-five cm Ϫ1 has been used as the default value for the grain size in the calculation of the state sum and density, even though an option is available to change it if needed. Further decrease of the grain size has not affected the calculated results significantly. Designation of the frequency set to be adjusted to get the preset value of ⌬S ‡ is another option in the software. Instead of the standard double precision for numbers, the long double precision has been used to handle numbers as large as 10 5000 . Present software can handle proteins with molecular mass as large as 10,000 up to 200 eV internal energy. Using an AMD Athlon64 3000ϩ processor, calculation of the rate-energy data in this limiting case took 1.2 h when the grain size was 25 cm Ϫ1 . The rate-energy data and the internal energy distribution of the reactant at some typical temperatures are the outputs.
Results and Discussion

Vibrational Frequencies
Vibrational frequencies of 20 amino acids at local energy minima near all-trans conformations obtained by DFT/B3LYP/6-31G** calculations are shown in Table 1 . Vibrational frequencies of G 2 were calculated similarly. By comparing the frequencies and characters of the vibrations of glycine (G) with those of G 2 , the four modes to be eliminated when G is at the N-terminus, namely the OH stretching, OH deformation, OH wagging, and COO stretching, were identified as those at 3756, 1366, 603, and 1144 cm Ϫ1 , respectively. Similarly, Numbers in parentheses represent degeneracy after the round off.
c Superscripts C and N denote frequencies to be deleted for residues at the C and N termini, respectively.
the two modes to be eliminated for G at the C-terminus were at 3596 and 1662 cm Ϫ1 . Elimination of the above six frequencies results in the fictitious frequency set for G inside a protein chain. The modes to be eliminated were searched for other amino acids also by observing the character of each mode. A difficulty arose in the case of proline at the C-terminus because two NH bending modes, in-plane bending at 1442 cm Ϫ1 and out-of-plane bending at 850 cm Ϫ1 , were present. The former was chosen for elimination simply because its frequency was similar to those for other amino acids. Frequencies to be eliminated upon peptide bond formation at the carboxyl and amino groups of each amino acid are noted in Table 1 .
To determine the three frequencies to be added upon peptide bond formation, the mode characters of G and G 2 obtained by DFT calculations were compared. Identification of the CN stretching mode was rather straightforward, namely the one at 1149 cm Ϫ1 in G 2 . Selecting the other two was difficult because there were several inter-residue vibrations involving the CN motion at frequencies below 300 cm Ϫ1 . The best choices seemed to be the modes at 44 and 294 cm Ϫ1 in G 2 . Hence, three frequencies at 44, 294, and 1149 cm Ϫ1 were decided to be added for each peptide bond.
For each proton attached to a protein, its vibrational degrees of freedom increase by three. As has been mentioned in the previous section, the vibrational modes of GH ϩ and G and those of RH 1 ϩ , RH 2 ϩ , and R were compared to determine the three frequencies to be added. Two modes, namely NH stretching and NH 2 bending at around 3600 and 1600 cm Ϫ1 , respectively, could be easily chosen. The third was difficult to choose because there were three candidates, namely NH outof-plane bending, NH 2 wagging, and NH 2 twisting at around 750, 850, and 1350 cm Ϫ1 , respectively. Instead of choosing one from these, it was decided to take the average, around 1000 cm Ϫ1 , and estimate possible errors through RRKM calculations. Namely, a set of three frequencies at 1000, 1600, and 3600 cm Ϫ1 was selected for addition for each proton attached. Using the data presented so far, the complete vibrational frequency set for a protein with any amino acid sequence and with any number of attached protons can be determined. The method to estimate the frequencies at TS by adjusting the reactant frequencies has been presented already and will not be repeated here.
RRKM Calculations for G 3 , G 5 , and A 3
To check the validity of, or to estimate the errors induced by, various approximations made in the present work, RRKM calculations were made for G 3 using various sets of input parameters. The vibrational frequencies of G 3 in a local energy minimum near the all-trans conformation obtained at the DFT/B3LYP/6-31G** level are listed in Table 2 . Also listed in the same table are its frequencies estimated through the method explained above. It is to be noted that the spectral distributions in the two sets are similar. For example, the average frequencies in the DFT and estimated sets are 1283 and 1274 cm Ϫ1 , respectively. However, for the modes at low-frequency region, which affect the vibrational state density more than those in high-frequency region, DFT values tend to be generally lower than those in the estimated set, which may possibly lead to discrepancy between the RRKM rate constants calculated with the two sets. To check such a possibility, RRKM calculations were performed using the two sets with various values of E 0 and ⌬S ‡ . Since the general trend observed was the same regardless of the values of the latter two parameters, however, only the results obtained with E 0 ϭ 2 eV and ⌬S ‡ ϭ 15 eu (1eu ϭ 4.184 J K Ϫ1 mol Ϫ1 ) will be presented hereafter. The RRKM rate-energy relations obtained with the two sets are compared in Figure 1 . It is to be noted that the discrepancy between the two is insignificant at large internal energy and large rate constant (k) region, which is a well-understood phenomenon. Hence, we will focus on the discrepancy at a low internal energy region corresponding to k around 10 s Ϫ1 hereafter. In the present case, the rate constants at 2.508 eV internal energy were 10.4 and 9.47 s Ϫ1 , respectively, for calculations with the DFT and estimated sets, corresponding to 10% difference. Namely, the two rate-energy relations are strikingly similar in spite of some difference in frequencies between the two sets. Dissociation rate constants for G 5 and A 3 were investigated similarly. In the small k region for G 5 , the rate constant calculated with the estimated set was larger than that calculated with the DFT frequencies by 50%. In the case of A 3 , the corresponding discrepancy was 35%.
In this work, vibrational frequencies of each amino acid were calculated at a local energy minimum near its all-trans conformation rather than at the global mini- . This set is a little different from the set in Table 1 even though the averages in the two sets are nearly the same, 1461 versus 1463 cm Ϫ1 . RRKM calculation was performed for G 3 using the frequencies estimated from this set. The result was quite similar to the one obtained with the previous set, k in the former being larger than that in the latter by 9% in the small k region (around 10 s Ϫ1 ). We also built a set (Test 1) for G 3 by changing the lowest frequency in the estimated set by Ϫ10%, the next by ϩ10%, the third by Ϫ10%, up to the highest frequency in the original set. This was to see the change in k as the individual frequencies vary while the average is kept the same. This resulted in hardly any change in k in the small k region. Overestimating, or underestimating, all the frequencies is expected to cause larger change in k than the fluctuation considered in Test 1. To see this effect, we increased all the frequencies in the estimated set by 5% in Test 2, which resulted in a factor of 2.4 increase of k in the small k region. The results presented so far suggest that the RRKM rate constants are rather insensitive to the monomer frequencies used to estimate the frequency set for a trimer.
As a further check, we compared the RRKM rate constant obtained by the present method with the one calculated with quantum chemical data. Paizs and Suhai [29] reported extensive quantum chemical study
ϩ at the DFT/B3LYP/6-31(d) level. Among various reactions studied by these investigators, generation of b 2 ion was chosen for comparison in the present work. E 0 of 0.42 eV and the frequencies at the reactant (NS_T_1) and TS (B2_TS) geometries in reference [29] supplied by the above investigators were used to calculate DFT-RRKM results. In the calculation with the present method, the same E 0 value was used and a mode at 1144 cm Ϫ1 was taken as the reaction coordinate. The frequency set for the reactant was estimated from the frequencies of G as before. ⌬S ‡ needed in the present method was estimated from the DFT frequencies at the reactant and TS, which was Ϫ2.65 eu. The results are compared in Figure 2 . The rate-energy relation calculated with the DFT frequencies is essentially the same as reported in reference [29] . Discrepancy between the DFT and present results is larger than in the previous comparisons, especially in small k region. Small E 0 value in this reaction results in k of 10 2 sec Ϫ1 even at the reaction threshold where the error associated with the frequency difference can be the largest. At the internal energy of 1 eV, the rate constant calculated with the present method is larger than the DFT one by a factor of two. Overall, the present rate-energy relation reproduces the DFT one rather closely. A difficulty in the present method is to be noted also, namely the knowledge on E 0 and ⌬S ‡ . It is hoped that decent estimation of these values would become possible soon through quantum chemical and experimental studies on the protein dissociation.
The frequency sets to be eliminated or added upon peptide bond formation and protonation might affect the final result, which was tested by RRKM calculations also. In all the cases, changes to alternative sets resulted in rather insignificant changes in the calculated rate constants. For example, we had decided to use 1000 cm Ϫ1 as the third NH-related frequency to be added 
RRKM Calculations for Peptides and Proteins
Errors in the calculated rate constants associated with the use of the estimated frequencies could not be determined for the dissociation of large peptides and proteins because the authentic frequencies were not available. As an indirect way of checking these errors, RRKM calculations were performed for G 15 using three frequency sets, those constructed from the DFT frequencies of G, G 3 , and G 5 . The method used to construct the latter two sets was essentially the same as described so far. The rate-energy relations thus obtained are compared in Figure 3 . The fact that the three curves are similar, within 30% in the small k region, is a partial support for the utility of the present approach. When all the estimated frequencies were increased by 5% (Test 2), k increased by a factor of 2.4 in the small k region, similar to the case of G 3 . Namely, the error remained nearly the same even when the reactant molecular mass increased by a factor five.
We also performed RRKM calculations for the dissociation of the protonated angiotensin II ( [DRVYIHPF ϩ H] ϩ , MW 1046.5) and quintuply protonated ACTH ([SYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEA  FPLEFϩ5H] 5ϩ , MW 4543.3) using the frequency sets prepared by the present method. The results are shown in Figures 4 and 5 , respectively. The rate-energy relations calculated with the sets obtained by Test 2 are also shown in the figures. In both cases, the rate constants calculated with the Test 2 sets are larger than the ones calculated with the original sets by a factor of 2.2 in the small k region. The rate-energy relations calculated with the Test 1 sets are not shown because they nearly overlap with the ones calculated with the original sets.
The fact that k in the small k region (10 s Ϫ1 ) always increases by a factor of around 2.3, regardless of reactant mass, as all the frequencies are overestimated by 5% is an interesting phenomenon related to scaling of RRKM rate constant reported previously [30] . As a further check of this trend, we performed similar calculations for G 150 (MW 8571.2) and observed the same factor. This factor, which is a measure of deviation from the paradigm that the same ⌬S ‡ (and the same E 0 also) results in the same rate-energy relation, seems to be small enough to warrant reliable RRKM calculations even when accurate vibrational frequencies are not known. For example, when all the frequencies are higher than those estimated in this work by 10%, a highly unlikely case, k in the small k region will be larger than the present estimate by 2.3 ϫ 2.3 ϭ 5.3. Namely, an order of magnitude estimation of k in the dissociation of a protein is possible with the present method even in the small k region.
Insensitivity of k to the frequencies used in the calculation does not mean, however, that any arbitrarily prepared set would lead to reliable estimation of k. As a simple but arbitrary method, we prepared a G 3 frequency set by collecting frequencies at every multiple of 50 between 50 and 3300 cm Ϫ1 . The rate constant calculated with this arbitrary set turned out to be larger by a factor of 2000 than the result in Figure 1 in the small k region. It is to be recalled that the frequency distribution for model peptides suggested by Derrick and coworkers does not consider the amino acid sequence of the peptides. As an indirect check on the possible discrepancy arising from neglecting the sequence specificity, calculations were done for [G 20 ϩ H] ϩ and [P 10 ϩ H] ϩ , which have the same number of atoms and hence the same number of vibrational degrees of freedom. It was found that the rate constant for the former ion was smaller than the latter ion by a factor of 20 in the small k region, far larger than any other discrepancy associated with the approximations made in the present method.
So far, it has been demonstrated that the RRKM rate constant for a protein is not significantly affected by minor variations in the reactant vibrational frequencies as long as ⌬S ‡ is kept the same, in agreement with the paradigm established through small molecule studies. Even when the same frequency set is used, however, a RRKM rate constant might be affected by the method for the frequency adjustment in TS to get the preset ⌬S ‡ . In the present calculations, the strategy reported by Lifshitz and coworkers for tripeptides was adopted and six low-frequency modes were chosen for adjustment. A more reasonable method may emerge as the experimental and theoretical studies on protein dissociation progress. Accordingly, an option has been provided in the software package to accommodate changes to be made in the future. In the meantime, we checked the discrepancies arising from various possible methods for frequency adjustment. It turned out that the range of frequencies selected affected the rate constant a little more than the number of modes selected. For example, selecting all the modes at or below 600 cm Ϫ1 for G 3 resulted in 30% discrepancy in k from the 6-mode result. In contrast, selection of modes in the 100 -1000 cm Ϫ1 range led to the average discrepancy of 60% from the 100 -600 cm Ϫ1 selection.
Calculation of Internal Energy Distributions
As has been mentioned already, calculation of the internal energy distribution for a reactant at some specified temperatures is an integral part of the software package developed in this work. To test its performance, the internal energy distributions for [G 3 ϩ H] ϩ and [ACTH ϩ 5H] 5ϩ at 500 K were calculated using three sets of frequencies, one as estimated by the present method, the other by Test 1, the third by Test 2. The results from the first and second sets were hardly distinguishable. Those from the first and third sets are shown in Figure 6 . The distributions obtained with the Test 2 sets are shifted slightly toward the lower energy side compared with the original ones, as expected. In each case, the average internal energy calculated from the Test 2 distribution is smaller than that from the original distribution by 5%, also as expected.
Conclusions
Even though the method to calculate the RRKM rate constants for dissociation of small molecules has been known for a long time, its application to large biological molecules has been difficult, mainly because of the difficulties associated with the estimation of their vibrational frequencies. In the present work, a systematic and efficient method to estimate the frequencies of a linear protein with any amino acid sequence has been developed, and its operational validity has been tested. It has been found that the results are quite insensitive to the actual frequencies used in the calculations as long as ⌬S ‡ is kept the same, a paradigm well known in small molecule cases. This does not mean, however, that an arbitrarily prepared set of frequencies would result in a reliable rate-energy relation. Also to be mentioned is that the experimental rate data for the statistical dissociation of protein ions are not available at the moment and, hence, that the reliability of the present results can not be tested. Importance of the present work lies in the fact that a general platform has been laid for systematic calculations of the RRKM rate constants for dissociation of any protein. This platform can be revised or upgraded easily as more kinetic and mechanistic information becomes available.
The present work has dealt with only the operational aspect of the RRKM calculations for protein dissociation. For example, no effort has been made so far on the estimation of E 0 and ⌬S ‡ , which are critical in a calculation. It is hoped that wide availability of experimental protein rate-energy data in the future and general availability of the software package developed in this work would help in the estimation of these important parameters.
Whether the dissociation of large molecules such as protein ions would proceed statistically is one of the fundamental issues in ion chemistry and mass spectrometry. Experimental measurement and theoretical estimation of the dissociation rate constants would be useful to resolve this issue. Depending on the experimental methods used, the rates for other competing processes may also have to be estimated, such as the infrared emission and collisional relaxation rates.
